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Abstract: The effect of Rayleigh damping matrix modeling on the computational accuracy of the seis-
mic response of high-rise arch dams in the time domain is discussed in this study. The dynamic charac-
teristics of a 240 m-high arch dam were analyzed under bidirectional and three-directional seismic exci-
tations with different Rayleigh damping matrix modes. Eight Rayleigh damping matrix models associ-
ated with two specific reference frequencies have been established, where the first reference frequency

is taken as the first or second frequency of the system, while the second reference frequency is set to
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be the fifth or sixth frequency of the system, as well as the peak frequency and the center of gravity fre-

quency of the seismic response spectrum. The results show that the selection of damping coefficients

has a significant influence on the calculation accuracy of structural dynamic responses for high-rise arch

dams, which are long-period systems. It is suggested that the river-direction fundamental frequency of

the arch dam and the peak frequency of the seismic spectra should be chosen as the two reference fre-

quencies, and the results derived from this model are generally positive, and the error value is limited

when compared with other models.

Keywords: high-rise arch dam; seismic response; Rayleigh damping matrix; time-history analysis;

mode superposition
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Fig.1 Finite element model of a high-rise arch dam
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Fig.2 Vibration modes of the high-rise arch dam
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Table 1 Self-vibration characteristics of the structure

P H B 4L f/Hz N N /R r. /% ry/ % r./ %
1 1.6916 —32912 3508 268 11.833 0.134 4 0.000 8
2 1.9157 3 382 47 486 —4 964 0.124 9 24.633 0.269 2
3 2.3122 1441 31164 —4.445 0.022 7 10.610 0.2158
4 2.923 4 —12 202 1389 —290 1.626 6 0.0211 0.000 9
5 3.609 6 —1402 —2 363 7 355 0.0215 0.0610 0.5910
6 3.726 2 —632 —37013 22 484 0.004 4 14.966 5.522 4
7 4.265 3 —46 904 1148 263 24.033 0.014 4 0.000 8
8 4.383 1 — 7120 289 21 0.553 8 0.000 9 0.000 5
9 5.2119 1543 5057 821 0.026 0 0.279 3 0.007 4
10 5.310 3 48 204 —2212 1164 25.384 0.053 4 0.014 8
89 20.077 —4913 726 —102 0.264 0 0.005 8 0.000 1
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Table 3 Comparison of peak seismic responses with different damping matrices under the Taft wave (x- and y-directions)

T w,tw, W, w, 0 two, w,+w, w, T w, w,t w; w,+w, w,+w, LS fif
HE R ) 20.463 21.571 21.201 19.881 19.842 21.058 23.161 21.734 o1 146
£ %% /mm (—3.23) (2.01) (0.26) —(5.98) (—6.17)  (—0.42) (9.53) (2.78)
PETH AP B ) 0.461 0.499 0.492 0.449 0.449 0.490 0.550 0.503 0500
WA/ (mes)  (—9.43)  (—1.96) (—3.34) (—11.79) (—11.75) (—3.79) (8.00) (—1.21) )
BE R E 8,921 10.211 10.101 8.765 8.755 10.059 11.846 10.259
JNEE/(mes %) (—27.48) (—16.99) (—17.88) (—28.75) (—28.83) (—18.23) (—3.70) (—16.60) 1301
B E A 5.147 6.395 6.335 5.064 5.059 6.311 8.118 6.422 8401
WE/(mes?)  —(38.73) (—23.88) (—24.59) (—39.72) (—39.78) (—24.88) (—3.37) (—23.56)
USRI 1 1772050 1870860 1854980 1747190 1745510 1848810 1995830 1877790 LoL6 610
WePiRL f1/Pa (—7.54)  (—2.39)  (—3.22) (—8.84) (—8.93) (—3.54) (4.13) (—2.03)
BRI T 612543 662669 658638 604687 604157 657079 739371 664433 689 333
WEhii Jj/Pa (—11.14)  (—3.87)  (—4.45) (—12.28) (—12.36) (—4.68) (7.26) (—3.61)
THHEZE b e 17 721 17 983 17 992 17 731 17 732 17 995 19759 17 977 _
$L 07 71/ Pa (1.51) (3.01) (3.06) (1.57) (1.57) (3.08) (13.19) (2.98) 1t
THEZEHES R e 14 267 15 468 15409 14 188 14 183 15 386 17 073 15 494 )
$i R 71/ Pa (—1.97) (6.28) (5.87) (—2.51)  (—2.55) (5.71) (17.3) (6.45) Hoot
T b FYE 135979 142670 142232 135359 135318 142063 157187 142861 153 861
$iNL F1/Pa (—11.62) (—7.27) (—7.56) (—12.03) (—12.06) (—7.67) (2.16) (—7.15)
A e R g 180668 198239 196988 178861 178740 196503 222709 198 784 215 951

HLRL J) /Pa (—16.30) (—8.16) (—8.74) (—17.14) (—17.19) (—8.96) (3.18) (—7.91)
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Table4 ComparisonofpeakseismicresponseswithdifferentdampingmatricesundertheEl-Centrowave (x-y-andz-directions)

T w, T w, w, T w; w to, w, T w, w,+ w, w,+ w; w, T w, w,t+w, iR
HETGU L R ) 19.988 21.045 20.911 19.805 19.792 20.858 20.286 21.102
i1 %% /mm (—4.50)  (0.55)  (—0.09) (=537 (=539 (=029 (—3.02)  (0.88) 20929
HE R S 0.436 0.470 0.465 0.428 0.428 0.463 0.476 0.473 048
BWE/(mes ') (—9.86) (—2.73) (—3.84) (—11.50) (—11.61) (—4.26) (—2.09) (—2.25)
HETOU PO TR ) 8.992 10.115 10.057 8.909 9.805 10.346 11.846 10.522 15,098
IR/ (mes™)  (—30.98) (—22.36) (—22.80) (—31.62) (—24.74) (—20.59) (—9.07) (—19.24)
BETpLL B 6.893 7.961 7.931 6.855 3.853 7.918 8.118 7.975 L0718
HWE/(mes™®)  (—35.69) (—25.72) (—26.00) (—36.04) (—36.06) (—26.12) (—24.26) (—25.60)
BEE R - 2079760 2249660 2220830 2038220 2035440 2209700 1995830 2262 300
Weprpi 73/Pa (—8.29)  (—0.80) (—2.07) (—10.13) (—10.25) (—2.57) (—12.00) (—0.25) 207850
HUE R T 671025 717757 707732 662406 661826 703880 739371 722175 751 508
Weho J3/Pa (—10.72)  (—4.50)  (—5.84) (—11.87) (—11.94) (—6.35) (—1.63) (—3.91)
THEZ b B 20 151 20 320 20 339 20176 20178 20 346 19 759 20 311 18 642
$in; 41 /Pa (8.09) (9.00) (9.10) (8.23) (8.24) (9.14) (5.99) (8.95)
THE A by Tl 15016 16 188 16 130 14 937 14 932 16 108 17 073 16 213 15 823
$iN; 71 /Pa (—5.10) (2.31) (1.94) (—5.60)  (—5.63) (1.80) (7.90) (2.46)
THHEA HEv O 134329 142934 142274 133086 133003 142018 147187 143221 o 758
BLN; 11 /Pa (—15.92) (—10.53) (—10.94) (—16.70) (—16.75) (—11.10) (—1.61) (—10.35)
THEA L R WE 186574 197529 196133 184131 183968 195594 222709 198 141 290 858

iRz J1/Pa (—15.52) (—10.56) (—11.19) (—16.63) (—16.70) (—11.44) (0.84) (—10.29)

523



TREAEE SR (1) 76 B 5 — ) M 2 4 AT,
& TR ARG 25t 3l ) O 4, B T
ot w, ot o. 0+ oMotolFRRETR L,
H L 5= D1 A e M A G R L BH JE Ll e nT g,
Koyna-x if Fll Koyna-y i H 5 41 43 5 AH X 2 5 (32 %
TP EETE 0~10 Haz) , AR o B 41 5 %) 52 Rz 69 53 ik AN
AT 00 o PRI g A T 6 N Y RELJE il Ze B B
i T R B Hig BUBEJE B, B0E5 #4307 ROy B /T R
SEfE ()X F T80 w,+ o, Ml w,+ w,, A Koynax I
N Koyna-y I 1Y 5 I i W {45 25 43 ) 426 3 45 #6) 55 22
By FERS 8 By R A 1w 4R L A GA R e B
F2 30 EL S BHLJE L, R AR A5 T ME A 1Y 45 48 3l T IR
N e ow, o, WRE BE T AT UL SR WA [a] 265 1 B 4
RS RAE N @, B4 B 5 (3) X b 26 3.4 Pt T pgs
U o in S E b e G K T N T 1Y S I U B AT R
U ) by 52 AR FH R 235 ) 155 1) 2 N7 A 5 I K 10 ] 2
] b 7 A ) W AR, KT K- ] b R i A
P U A0 238 oy, BF, 55 ] L 22 R FHO6F 45 40 19 52 i) AN
KA. W WF]FH Rayleigh BH JE #5571 JF 47 H 5% 2 R
a3 BT B, A KRS 2 TEORS o A0 25 SR BHLJE L &R Y
TE AR H OG5, HLOXTAS [6] ) B 09 52 ) AN ] ] 25
G 7 b R I R PR B S A R R AT R
4 £ it

BT AN A Rayleigh BH J& @ #8572 i 8 Py i
HEI0 1 7% B W TS MER B RS2 . DL —> i 240 m
Y TR B 1 HE K B 58 0 2, 4 B T 45 A Y B ) R
P, IFHE S T 8P Rayleigh BHJE 4 FE AL 7, 43 51 11 55
T R AR XL A = ) R AR T 45 A8 Bl ) RN
AL R LN .

(1) % T e HE 35 26 K F 09I 2 R e W 3l 7 47
BT ] B, 3% B [] Rayleigh BHJE 45 B He 1) 28 K506t 2%
¥4 2y 3 S A B 0 I A PR AR K 2R A
2 b R P L R T A A Y R R T A
(e A I [ i R N L1238 = R

(2) NBEI BT 32 3 TH 2 P 2% 08, Y m HE Y
i A7 P A LG T A M AR I A A3 A 2R
Ji) S 235 /) 1 Bl T R AR B, R TSR A ST i) s A
AT A b 52 9 20 15 U {4 284 R R S S B0
P %S R BRD BT A5 Y I0LAA M AR R N Y 3 R A
RER PP RERERNIE, HIREMEAR., H2EY =
Tia) i1 5 A FH B, B TO0 e &b g YR8 o) i S S AT AR

524

A IF BT SR5R 22 80Kk, BB = ) MR AE FH T it
Ui b 7R N R W 22 i T S R Y BHL e 4z iR T
ELS R AURE JE L AR AT 2 A 005 2 B0 Rayleigh
RHLJE B 6 X DLt /2, e s i) SR FH AT 7 BHJE B A
R AR — R A S5 K g 2 3 AT S AR R OR
FLAG ] 74 BH e A A Y AL e, IR T G — AR A
G| DIP 3£ I 7 N R B B

(3) CHh I A 75 I 3 — 3 — PR K Rl i 3
AHEAE FH B 52, 25 25 8T X — 5 WA B R
ARG R — 2 A, TR I AR 14 7 R 19 X Rayleigh
RELJ& i [P 2 A5 1 52 e 4 5 P

(4) A 3CHlt K JA 31 HE 30 (%) Rayleigh BHLJE 4 5 2
B AT TR e, SR N E M mEmie
AL 300 m 2 A Y e SR i £ R 2R A A DG BF
5%, L QAT A A 0 — B — K A] (9 3 ) A B AR
FH UL B A ) BE 2 i A\ 12 5 5 DRV 2R 1R 52 )

S E

(1] EilFde, 2% SUNPR o Mg 5Lk [M]. dt
AU EDK AR L R, 2006.

Wang H B, LiD Y. Aseismic design of arch dam: theo-
ry & practice[ M ]. Beijing: China Water Power Press,
2006. (in Chinese)

(2] 0%, Bk, sk, & % TR0 B0 R i

WF5E 5 0 FH 22— [ B 3025 4 43 17 J7 vk e SR 5 e
BT KRR AR, 2020, 51(10) : 41-54.
Liu Y, Yang B, Zhang J, et al. Performance simula-
tion-based study on design of super-high arch dam and
its application Part I: development status and prospect
of structural analysis method for arch dam in China[J].
Water Resources and Hydropower Engineering, 2020,
51(10): 41-54. (in Chinese)

(3] BEAF G . KA 01 g o) & ¢ il s 23 B v /Y B JE A

[CI/AbTr LA T X )% 2% 2 2 R 2 W08 SCHE L 0TR
#iFE:[s.n.], 2016: 111-116.
Lou M L. Damping matrix of long period dynamic sys-
tem for response analysis in time domain[ C]// Proceed-
ings of mechanics societies of seven northern provinces
and municipalities. Huhehaote: [s.n.], 2016: 111-116.
(in Chinese)

(4] Bk, R4S ME, FREUm . L ) BEL ) 0 R A4 J5 vk X i T
T3 UM 5 S B R s [T]. s LA A 4R, 2020, 42
(6): 1409-1416,1453.

Yin L, Lou M L, Kang S. Influence of construction

method with proportional damping matrixon seismic re-



[6]

sponse of high gravity dams[J]. China Earthquake Engi-
neering Journal, 2020, 42 (6) : 1409-1416, 1453. (in
Chinese)

REAS I, TR . RS B2 LA M SR 43 A v BELJE A AR
W [T]. R3S i, 2009, 28(5): 22-26.

Lou M L, Zhang J. Discussion on damping models for
seismic response analysis of long span bridge[J]. Jour-
nal of Vibration and Shock, 2009, 28(5) : 22-26. (in
Chinese)

W, AL T 45 ISR A2 Rayleigh B JE R 4L
AP AL 5 vk RO (1], W R 2k (A SRR
M) ,2014, 41(2): 8-13.

Dong Y, Lou M L. An optimization solution for Ray-
leigh damping coefficient based on the fundamental fre-
quency of structure [J]. Journal of Hunan University
(Natural Science), 2014, 41(2): 8-13. (in Chinese)
RS, Bk, OB I . b A 30U AR S I 8k 43 B
r BELJE R R SO A (R Y B [T ] s TR S TR
f#k3h, 2018, 38(6): 33-42.

Lou M L, Yin L, Shao X G. Discussions on numerical
simulation problem of damping matrix of high-rise earth-
rock filled dam seismic response analysis in time domain
[J]. Earthquake Engineering and Engineering Dynam-
ics, 2018, 38(6): 33-42. (in Chinese)

W G . M52 2 43 B T Rayleigh BHJE 2 500 U8 1L %
[J]. TR J12#, 2013, 30(11): 15-20,27.

Pan D G. An optimization solution for Rayleigh damp-
ing coefficients in seismic response analysis [J]. Engi-
neering Mechanics, 2013, 30(11): 15-20,27. (in Chi-

[9]

[13]

nese)

WEOE, Bk, 225755 . KBS X 58 1% i i Rayleigh
BELJE #9  J7 B5 LR LT ] M R Tl K222 4, 2017,
49(12): 45-52.

Pan D G, Cheng Y, Li X J. Comparison study on Ray-
leigh damping construction methods for long-span reticu-
lated shell seismic response[J]. Journal of Harbin Insti-
tute of technology, 2017, 49(12): 45-52. (in Chinese)
RoSEHLI, L H . G530 I3 (M (2 ). b st & 45
A WAL, 2006.

Clough R, Penzien J. Dynamics of structures [ M ]. 2nd
ed. Beijing: Higher Education Press, 2016. (in Chi-
nese)

K T Y HUR BT AR e GB 51247—2018 [S]. b
P E TR R, 2018,

Wang J T, Zhang C H, Jin F. Nonlinear earthquake
analysis of high arch dam-water-foundation rock systems
[J].
2012, 41: 1157-1176.

ChenJ Y, Cao X Y, Xu Q, et al. Exploration on dam-

Earthquake Engineering Structure Dynamics,

age mechanism and equivalent damage model of high
arch dams under earthquakes[J]. KSCE Journal of Civil
Engineering, 2020, 24(4): 1285-1306.

LiS, WangJ T, Jin A'Y, et al. Parametric analysis of
SSI algorithm in modal identification of high arch dams
[J]. Soil Dynamics and Earthquake Engineering, 2020:
105929.

(AL tpdt. 8 ®)

525



